We present a photo-excited switchable broadband reflective linear polarization conversion metasurface for terahertz waves. The unit-cell structure of the switchable polarization conversion metasurface is composed of metallic disk and split-ring resonator (together named as DSRR) integrated with semiconductor photoconductive silicon (Si) placed over the continuous films. The electric response of the photoconductive Si filled in the gap of the DSRR can be tunable through a pump beam with different optical power. The simulation results indicate that the polarization conversion ratio (PCR) of the compound metasurface without pump beam is greater than 80% in the frequency range of 0.65-1.58 THz, and the PCR is up to 99% at resonances frequencies of 0.69 THz, 1.01 THz and 1.42 THz, respectively. The numerical simulation results are in good agreement with the theoretical predictions based on the interference theory. Furthermore, the broadband PCR can be tunable continuously with the changes of Si conductivity by adjusting the pump optical power. Moreover, the surface current distributions of the unit-cell structure with different Si conductivity at the resonance frequency are discussed to illustrate its physics mechanism. Thus, our design can find potential applications in many areas, such as remote sensors, reflector antennas, and radiometers in terahertz region.
Introduction
With the rapid development of terahertz (THz) science and technology, many promising and potential applications in imaging, sensing, communication, and so forth have been underpinned [1] - [4] . Towards these fascinating applications, besides the THz sources/detectors, high-performance devices or components for THz wave manipulation are also desired. Among these functional components for THz waves, polarization beam-splitters, rotators and convertors are of great importance. Traditionally, the polarization manipulation could be realized with retardation effect through the components made of optical gratings, dichroic crystals or birefringent materials and so on [5] - [8] .
However, components fabricated with conventional materials are typically large bulky in size and less efficient in the limited frequency range, being inconvenient for practical applications. Thus, more convenient and flexible methods to fully manipulate the polarization properties of THz waves are highly desirable.
In past decades, metasurfaces as a sub-class of metamaterials have opened new routes towards the efficient manipulation of EM properties and great potential applications due to their sub-wavelength scales and exotic resonance responses [11] - [13] . Essentially, metasurface is a new class of artificially two-dimensional periodic sub-wavelength structure metamaterials. The main advantage of the metasurface is its ability to manipulate EM waves in a relative thin thickness, which promises great potential for integration into compact optoelectronic systems. From microwave to optical frequency region, many metasurfaces-based polarization rotators or convertors with chiral structures [14] - [21] and anisotropic structures [23] - [46] have been proposed in transmission [14] - [23] and reflection [24] - [45] modes. Compared with traditional materials or methods, metasurfaces-based polarization manipulation components have the advantages of the relative miniaturized dimension and higher efficiency. Recently, considerable efforts were devoted to design the various metasurfaces for THz functional components. In THz regions, many kinds of polarization rotators or convertors with dual-band [20] , multiple-band [41] and broad-band [21] , [30] , [32] , [44] - [46] have been researched generally. However, those polarization manipulation components are uncontrolled, the efficiency and bandwidth are fixed once the design of the unit-cell structure is completed, which will hamper some practical application. The active media integrated into metasurfaces enable the dynamic modulation of the EM properties without increasing the component thickness. Several active media, such as graphene [41] , [46] , semiconductors silicon [47] - [49] , other phase change materials [50] , [51] and MEMS [52] , [53] have been investigated intensively, which could be integrated into the metasurfaces and achieve the THz wave manipulation dynamically.
In this work, we propose a photo-excited switchable broadband reflective linear polarization conversion metasurface based on metallic disk and split-ring resonator (DSRR) incorporated photoconductive Si, whose polarization conversion ratio (PCR) can be adjusted through photo-excited carrier injection. Contrast to the earlier proposed structures, the switchable and tunable PCR for both incident x and y polarization waves can be controlled continuously by changing the pump beam power. This switchable and tunable polarization conversion metasurface provides a new route for active micro/ nano-photonic devices to promote potential applications in THz polarization control components.
Unit-Cell Structure Design, Theory and Simulations
The polarization conversion metasurface is usually consisted of three layers coupling structures of a dielectric substrate sandwiched with electric resonator and continuous metallic films. The unitcell structure of our design is similar to the previous proposed polarization convertor/rotator [30] , [42] . The schematic diagram of the photo-excited switchable polarization conversion metasurface is sketched in Fig. 1 , which includes three functional layers: top resonator structure, middle dielectric layer and bottom metal mirror layer. As shown in Fig. 1(a) , the top resonator structure is composed of a metallic DSRR with photoconductive Si inserted in the gap of the split-ring structure. As shown in Fig. 1(b) , the DSRR orientation is such that the incident THz waves with the polarization along the x or y axis is rotated by 90°to their orthogonal polarization state after reflecting off the compound metasurface [30] , [42] . The polydimethylsiloxane (PDMS) with dielectric constant of 2.35 and loss tangent of 0.03 was selected as middle dielectric layer. The gold with thickness of 0.6 μm is used as the top resonator structure and bottom metal mirror layers, and the material parameters are explained by the surface impedance model [54] . The optimized parameters of the unit-cell structure are as follows: p x = p y = 110 μm, r 1 = 48 μm, w = 12 μm, g = 7 μm, r 0 = 28 μm, t m = 0.6 μm, t s = 29 μm. The transmission is totally eliminated and is zero across the whole frequency range due to the presence of the gold mirror. In this design, to obtain the higher PCR, it is vital to make the electric fields of cross-polarization in the reflected waves interfere destructively with the co-polarization reflected electric fields [18] , [38] . Without metal mirror layers, the PCR will be very low and the overall reflected and transmitted waves are elliptical polarization [18] , [38] . The top and bottom layers can form a Fabry-Pérot-like resonance cavity, leading to destructive interference between the co-and cross-polarizations in multi-reflection [18] , [30] , [38] , [40] , [43] . It can be expected that the consequent destructive interference of polarization couplings in the multi-reflection process will enhance overall reflected waves with cross-polarizations and reduce the ones with co-polarizations [18] .
To realize the switchable polarization conversion, the rectangular photoconductive Si (grey part) pad with dimension of 7 × 12 × 0.6 μm 3 is inserted at the gap of the split-ring structures. The photoconductive Si filled in the split gap is simulated as a dielectric with permittivity of ε Si = 11.7, while the conductivity σ Si is dependent on external pump beam power [47] , [48] , [55] - [58] . As shown in Fig. 1(c) , when pump beam is incident on the surface of the compound metasurface, the conductivity of the photoconductive Si will be changed with the generation of the excess photocarrier density [48] , [57] . An excess photo-carrier density will be generated as long as the energy of pump beam exceeds the band gap energy of the photoconductive Si, thus resulting in the change of the Si conductivity. The photo-excited carrier density is proportional to the pump beam power [47] , [48] . The entire area of the metasurface array is covered by the pump beam illumination. The conductivity of the Si will be varied dynamically with the change of pump beam power [47] , [48] , [57] . To be realistic in experiment, the near-infrared laser pulse with a center wavelength of 800 nm is used as an optical pump source to optically excite charge carriers of the photoconductive Si [48] . The Si conductivity σ Si can be expressed as σ si = 4.863 × 10 −4 × I 2 + 0.1856 × I + 1.569 approximately, which is dependent on the energy flux power (I) of the optical pump beam [56] . Without pump beam illumination, the σ Si is assumed as 1 S/m, while the one is 1 × 10 5 S/m under the upper limit illumination [48] , [56] . The designed compound structure can form a tunable resonating structure upon application of external pump beam power, the resonance strength and operation frequency could be actively adjusted [48] , [58] .
To study its efficiency, a full wave simulation was performed using the frequency domain solver of CST Microwave Studio based on the standard finite integration technology (FIT). The periodic boundary conditions were applied along the x-axis and y-axis direction, and the wave vector is along the +z axis direction, which resembling actual conditions in the THz time-domain spectroscopy (THz-TDS) experiment [48] , [56] . To eliminate the influence of near-field effect and get the enough propagating information on the reflected waves, the distance between the receiver port and the metasurface should be as large as possible in simulation [37] , [40] . In our design, we set the distance is 300 μm, thus, the near-field effect can be neglected. The composite reflection coefficients of the designed metasurface can be defined as: r xx = |E The subscripts x and y indicate the polarization directions of waves, and the superscripts i and r denote the incident and reflected THz waves, respectively. To measure the polarization conversion performance, we define the polarization conversion ratio (PCR) as [25] , [56] 
Results and Discussions
Firstly, we study the polarization conversion properties of the proposed compound metasurface without pump beam illumination. Fig. 2(a) presents the composite reflected coefficients (r xx , r yx , r yy and r xy ) for normal incident THz wave. It can be seen that the two co-polarization reflected coefficients are equivalent (r xx = r yy ) and decrease to minimum at f 1 = 0.69 THz, f 2 = 1.01 THz, f 3 = 1.42 THz and f 4 = 1.57 THz, respectively. The two cross-polarization reflected coefficients are also equivalent (r yx and r xy ) and up to maximum at above resonance frequencies. These resonances correspond to the lowest co-polarization reflection and the highest cross-polarization reflection. It means that incident x-pol. (y-pol.) THz wave is converted to y-pol. (x-pol.) ones after reflection through the compound metasurface at resonances. In addition, the co-polarized reflection coefficients are less than 40% and the cross-polarization reflected coefficients are greater than 50% from 0.58 THz to 1.58 THz. As shown in Fig. 2(b) , both PCR x and PCR y are greater than 80% in the frequency range of 0.65 THz to 1.58 THz, with a relative bandwidth of 83.4%. It indicates that the most of the incident linearly polarized THz wave can be converted into its cross polarization after reflection by our designed compound metasurface in this frequency range. In effect, this high polarization conversion efficiency and enhanced operation bandwidth mainly originates from the superposition of multiple reflections peaks at resonances. The broadband polarization conversion characteristics of the proposed compound metasurface can be further illustrated by using interference theory. The designed compound metasurface as a coupled system is similar to a Fabry-Pérot-like resonance cavity, in which all possible near-field interactions can be accurately taken into account [18] , [38] , [40] , [43] . Fig. 3 (a) depicts a schematic of the Fabry-Perot-like resonance cavity with the two metallic layers, in which the co-polarization wave is reduced extremely while the cross-polarization wave is enhanced significantly in overall reflected fields at resonances [18] , [40] , [43] . As is well known, in the Cartesian coordinate (x-y-z), the any linear polarization wave propagation along the z-axis direction can be decomposed into x-pol. and y-pol. components. Here, we just consider the x-pol. components incident into the compound metasurface due to the geometric symmetric of the unit-cell structure. As shown in Fig. 3(a) , the x-pol. components of the normal incident THz waves into the air-DSRR interface will be partially reflected back to the air and partially transmitted into the PDMS. Owing to the polarization conversion of the compound metasurface, the reflected and transmitted THz waves both have x-pol. and y-pol. components, respectively. The transmitted THz waves continue to travel in the PDMS until they encounter the ground plane with a complex propagation phase β = √ ε r k 0 d, where k 0 is the free space wavenumber, the d and ε r are the thickness and relative permittivity of the PDMS. The partial reflection and transmission waves arrive at the air-PDMS interface again from reverse direction after additonal propagation phase β in PDMS [20] . The x-pol. and y-pol. waves propogation process between the DSRR and ground plane two times is defined as a roundtrip as marked with a rectangular dashed line frame in Fig. 3(a) . Owing to the prompted multiple reflections in the cavity, co-polarization wave is interference cancellation, and cross-polarization wave is interference superposition. Based on our previous researches [40] , [43] , the overall reflection coefficients of cross-and co-polarization can be expressed as: r yx = r yx + ∞ j=1 r yj and r xx = r xx + ∞ j=1 r xj , where r yx and r xx present cross-and co-polarization reflecttion coefficients directly reflected by the DSRR array without ground plane, and the other terms are the reflection coefficients resulting from superposition of the multireflections. Thus, the theoretical reflection coefficients and PCR for the normal incident x-pol. wave can be calculated from the above equations. Fig. 3(a), (b) show the theoretical calculation reflection coefficients (r xx and r yx ) and PCR x of the designed compound metasurface without pump beam illumination (in this case, σ si = 1 S/m) under normal incident x-pol. wave, which are in reasonable agreement with simulation. The interference theory based on Fabry-Perot-like resonance cavity provides a good explanation of broadband reflective linear polarization conversion.
Obviously, the conductivity of the integrated photoconductive Si of the compound metasurface will change with the different pump beam power illumination. When the energy flux of the pump beam is 0 μJ/cm 2 , the integrated photoconductive Si is in the insulating state with conductivity of 1 S/m. When the energy flux of the pump beam is increased to 294.6 μJ/cm 2 , the integrated photoconductive Si becomes metallic with conductivity of 10 5 S/m [48] , [56] . Fig. 4 (a) and (b) shows simulation and calculation cross-polarization reflection coefficients (r yx ) of the designed compound metasurface for the different conductivity of the integrated photoconductive Si, respectively, and the corresponding PCR x is depicted in Fig. 5(a) and (b) . It is clearly that the theoretical calculation r yx and PCR x are in agreement well with numerical simulation for the normal incident x-pol. waves. It should be noticed that the similar results for the normal incident y-pol. waves also can be obtained (not shown).
It is more intuitive that both the cross-polarization conversion efficiency changes greatly with the various conductivities of the integrated photoconductive Si. When using the lower pump beam power with the Si conductivity of σ si = 1 × 10 2 S/m, the Si will behave as the insulator state, almost all of the incident THz waves can go through the gap of the DSRR of the compound metasurface. In this case (σ si = 1 × 10 2 S/m), the cross-polarization conversion efficiency is nearly unaffected, the normal incident linear polarization wave can be converted to its cross-polarization in a broadband frequency range after reflection by the compound metasurface. In other words, the compound metasurface makes the x-pol. to y-pol. conversion into the "on" state in this case (σ si = 1 × 10 2 S/m). The integrated photoconductive Si will undergo an insulator-metal phase transition with increase of the pump beam power. When the conductivity of the integrated photoconductive Si is increasing from 1 × 10 2 S/m to 1 × 10 5 S/m, the cross-polarization conversion efficiency of the It is because that the photo-excited charge-carriers in the gap of the DSRR will increase with the increase of the pump beam power, which will make the sandwiched structure resonance weaker [56] . In this case, the anisotropic of the compound metasurface will become isotropic, which can't convert the polarization state for the normal incident THz wave. As shown in Figs. 4 and 5, both r yx and PCR x are near zero in the whole interested frequency range, revealing that the cross-polarization conversion efficiency will be close to zero. In other words, in this case (σ si = 1 × 10 5 S/m), the compound metasurface makes the x-pol. to y-pol. conversion into the "off" state. Thus, the state-transition process of the integrated photoconductive Si is accompanied by remarkable changes in various conductivities with the different pump beam power. The different state resonators can be resulted from the various states of the integrated photoconductive Si. The obvious changes of the crosspolarization conversion efficiency of the compound metasurface are mainly from the different state resonators. Therefore, the polarization conversion metasurface embedded with photoconductive Si can alternatively realize an optical switching effect of the cross-polarization conversion. It should be noticed that the first state (PCR x > 80%) is "on", and second state (PCR x is close to zero) is "off", in these two states, the reflective waves are linear polarization. While between "on" and "off" state, the reflective waves will become elliptical polarization. In effect, there are also some potential applications between "on" and "off", such as polarization selective filter, controller, antenna device, and THz wave transmission system required elliptical polarization and so on.
To better understand the physical mechanism, we study the surface current distributions of the top resonator layer and bottom metal layer at 0.69 THz with the different conductivity of the integrated photoconductive Si, as shown in Fig. 6 . Under the lower pump beam power with the Si conductivity of σ si = 1 × 10 2 S/m, as shown in Fig. 6 (a1) and (a2), the surface current flow of the top resonator layer is antiparallel to the induced currents of the bottom metal layer and is along the up-right direction. The strong antiparallel current excited by the electric field (E i x ) of incident wave can lead to a magnetic dipole coupling resonance [42] , [45] . Obviously, the induced reflected magnetic field H r is along the down-left direction, which can be decomposed into x and y components (H Fig. 6(b1) , (b2) and (c1), (c2) show the surface current distributions of the top resonator layer and the bottom metal layer when the σ si = 3 × 10 3 S/m and 1 × 10 4 S/m. It can be observed that the antiparallel current strength is relative weak compared with the case of the σ si = 1 × 10 2 S/m, revealing that the strong magnetic response can't be excited effectively. Thus, the cross-polarization conversion efficiency is relative lower. As shown in Fig. 6(d1) and (d2) , when the σ si = 1 × 10 5 S/m, the surface current flow of the top resonator layer is also antiparallel to the induced currents of the bottom metal layer and is along the x-asix direction. Obviously, the induced reflected magnetic field H r is along the y-asix direction, which is the same with the incident magnetic field H i . Thus, in this case (σ si = 1 × 10 5 S/m), the cross-polarization conversion can't be realized effectively. This compound metasurface provides an alternative platform to promote the development of the THz polarization controlers and modulators.
Conclusion
In conclusion, we have demonstrated theoretically and numerically a photo-excited switchable broadband reflective linear polarization conversion metasurface based on the DSRR embedded with photoconductive Si at THz region. The PCR is above 80% with a relative bandwidth of 83.4% for both the normal incident x-pol. and y-pol. waves. Simulated results indicate that the conductivity of the photoconductive Si was various with the external pump beam illumination, resulting in changes of the broadband polarization conversion efficiency. Further simulated results show that the crosspolarization reflection coefficient (r yx ) and PCR x will decrease continuously with the increase of the Si conductivity in a broadband frequency range, which are agreement well with the calculation based on the interference theory. Finally, surface current distributions for different Si conductivity were further discussed to illustrate the physical mechanism at the resonant frequency. In addition, the designed compound metasurface is easily practical realization by experiment. We can fabricate the sample by photolithography, e-beam evaporation and lift-off technology [47] , [48] , [58] . The tuning of reflective polarization for our proposed compound metasurface offers an effective approach towards designing active switches, controlers and modulators for THz polarization applications and opens a bright perspective in filling the THz gap.
